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The recombination energies resulting from electron capture by a positive ion can be accurately
measured using hydrated ion nanocalorimetry in which the internal energy deposition is
obtained from the number of water molecules lost from the reduced cluster. The width of the
product ion distribution in these experiments is predominantly attributable to the distribution
of energy that partitions into the translational and rotational modes of the water molecules that
are lost. These results are consistent with a singular value for the recombination energy. For
large clusters, the width of the energy distribution is consistent with rapid energy partitioning
into internal vibrational modes. For some smaller clusters with high recombination energies,
the measured product ion distribution is narrower than that calculated with a statistical model.
These results indicate that initial water molecule loss occurs on the time scale of, or faster than
energy randomization. This could be due to inherently slow internal conversion or it could be
due to a multi-step process, such as initial ion-electron pair formation followed by reduction
of the ion in the cluster. These results provide additional evidence for the accuracy with which
condensed phase thermochemical values can be deduced from gaseous nanocalorimetry
experiments. (J Am Soc Mass Spectrom 2010, 21, 615–625) © 2010 American Society for Mass
SpectrometryCapture of a low-energy electron by a multiplycharged peptide or protein can result in exten-sive and relatively non-selective fragmentation
of the amide backbone, from which information about
the amino acid sequence [1–3], post-translational mod-
ification sites [3–5], and higher-order structure [2, 6, 7]
can be obtained. Similar fragmentation can be obtained
by transferring an electron to the peptide or protein
cation from a molecular anion [8] or from atoms [9, 10].
These methods are being applied to both “bottom up”
and “top-down” approaches to protein analysis.
An important parameter in understanding how acti-
vated ions fragment is the extent of internal energy that
is deposited in the activation step. For electron capture
dissociation (ECD) [1–6], the recombination energy
(RE) resulting from capture of an electron from a
multiply charged peptide or protein has been estimated
to be between 4 and 7 eV [1, 11, 12], based in part on
known or estimated thermochemical data. Dissociation
may occur from excited electronic states or from ground
states [13, 14], so that the internal energy deposited into
an ion may not be a singular value.
Some ions have been used as chemical thermometers
to measure internal energy deposition [15–18]. For exam-
ple, dissociation of the molecular ion of n-butylbenzene
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the ratio of which provides information about the
average internal energy of the activated precursor [15,
16]. Ions that dissociate via sequential fragmentation
and that have known threshold dissociation energies
and similar dissociation entropies have also been used
[18–20]. From the abundance of the product ions,
information about both the average energy and the
width of the energy deposition can be inferred.
An alternative approach to measuring internal en-
ergy deposition uses nanometer-sized hydrated ions as
“nanocalorimeters,” to precisely measure the amount of
energy that is deposited into these ions upon activation
[21–30]. When these ions are activated, they sequen-
tially lose water molecules. Under conditions where
these ions are stored at low pressure and at low
temperature, the internal energy deposition upon acti-
vation can be obtained from the number of water
molecules lost, i.e., the energy deposited into the ions
goes into breaking the interactions between the depart-
ing water molecules and the rest of the cluster, and into
translational, rotational, and vibrational modes of the
products. The number of water molecules that are lost
upon electron capture (EC) by large hydrated ions can
be high. For example, Ca(H2O)32
2 loses 10 or 11 water
molecules and Ru(NH3)6(H2O)55
3 loses 17 to 19 water
molecules upon EC [22, 24]. From the sum of the
threshold water molecule binding energies and the
amount of energy that is partitioned into translational,
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each lost water molecule, the internal energy deposited
into the ion can be obtained. Because the EC energy
deposition is much faster than the timescale of the
experiments, the energy resulting from solvent reorga-
nization to accommodate the change in the oxidation
state of the cluster is reflected in the number of water
molecules that are lost from the reduced clusters. Thus,
the RE values obtained from this nanocalorimetry
method correspond to adiabatic ionization energies of
the reduced precursors. This method has been used to
measure the internal energy deposited with ECD of a
diprotonated peptide [29], and has also been used to
obtain absolute reduction energies of hydrated ions that
can be related to solution-phase reduction potentials
[22, 25, 27]. Using different nanocalorimetry based
methods, three values for the absolute standard hydro-
gen electrode (SHE) potential that all agree within 5% of
each other (4.05, 4.11, and 4.21 V) were obtained
[22, 25, 27]. These values can also be used to establish
the absolute solvation free-energy and enthalpy of the
proton [25, 27]. A single half-cell potential of a redox
couple has not previously been measured directly in
solution, and both the SHE potential and the solvation
free-energy and enthalpy of the proton are convention-
ally assigned an arbitrary value of zero and other
thermochemical values are reported relative to these
standards.
Here, we model the energy that is partitioned into
the translational, rotational, and vibrational modes of
the products for each sequential water loss resulting
from EC by many different large hydrated metal ions
and obtain theoretical product ion distributions. The
calculated product ion distributions accurately account
for the distribution of the experimentally measured
product ion abundances. These results indicate that the
breadth of the energy deposited into the hydrated ions
upon EC is exceedingly narrow, and that the width of
the measured product ion distribution is almost entirely
attributable to energy partitioning into the products
during dissociation.
Experimental
Experiments were performed on a 2.75 T Fourier trans-
form ion cyclotron resonance (FT/ICR) mass spectrom-
eter [31] equipped with an ion cell that is cooled to 133
K using a controlled flow of N2(l) [32]. Hydrated ions
are formed from aqueous solutions of 1 to 10 mM of
the metal ion of interest using an external nanoelectro-
spray ionization source [31]. The nanospray emitters are
produced from borosilicate capillaries pulled to an
inner tip diameter of 1–2 m. A potential of 500 to
700 V (relative to the 80–100 °C heated capillary
entrance to the mass spectrometer) is applied to a
platinum wire that is in contact with the solution. Ions
are introduced into the cell of the instrument through
five stages of differential pumping and are accumulated
for 4–6 s. During this ion accumulation time, dry N2(g)is introduced into the vacuum chamber to a pressure of
106 Torr to enhance trapping and thermalization of
the ions. At the end of ion accumulation, a mechanical
shutter is closed to prevent additional ions from enter-
ing the cell. A 4–7 s delay before ion isolation ensures
that the pressure returns to108 Torr and that the ions
achieve a steady-state distribution of internal energies
before EC experiments. Precursor ions were isolated
and after 50 ms, electrons were introduced into the ion
cell from a heated cathode by pulsing the cathode
housing to 1.5 V for 120 ms for the transition-metal
containing nanodrops and to 1.4 V for 40 ms for the
triply charged clusters. A detailed description of the
experimental setup used here has been previously re-
ported [23, 28]. Between 500–1000 spectra were co-
added to improve the signal-to-noise ratios in these
experiments.
To obtain the theoretical EC product ion distribu-
tions, the distribution of energy lost to translational,
rotational, and vibrational modes of the products for
each sequential water molecule loss is approximated
by an exponential function approaching zero at high-
energy. These distributions for all water molecules lost are
convolved using Mathcad 14 (Parametric Technology Co.,
Needham, MA, USA) by multiplying the Laplace trans-
form of each exponential function and performing the
inverse Laplace transform on this product. Fragment ion
abundances were fit with Gaussian functions using Igor
Pro 4.07 (WaveMetrics, Inc., Lake Oswego, OR, USA). The
noise level was used to estimate the fragment ion abun-
dances at both extremes of the distributions. Professor
Jamie H. Cate (University of California-Berkeley) gener-
ously provided the Ir(NH3)6Cl3 solution used in these
experiments. All other metal salts came from commercial
sources.
Results and Discussion
Effects of Transition-Metal Ion Identity
Broad distributions of M2(H2O)n and M
3(H2O)n can
be formed via nanoelectrospray ionization and trapped
in the ion cell where they are thermalized to the
temperature of the copper jacket surrounding the ion
cell (133 K) [25, 31]. Individual clusters are isolated
using SWIFT waveforms and are irradiated with ther-
mally generated electrons for electron capture (EC)
experiments. The product ion mass spectra resulting
from EC by M(H2O)32
2, MMn, Fe, Co, Ni, Cu, and Zn,
are given in Figure 1a–f, respectively. EC by these
precursor ions results in reduction of the nanodrop and
the loss of water molecules (Pathway I, Scheme 1).
Interestingly, Mn(H2O)32
2 dissociates via an addi-
tional pathway in which a H atom and water molecules
are lost from the reduced precursor to form a hydrated
metal hydroxide cluster (Pathway II, Scheme 1). These
results indicate that Mn(H2O)n
, for n  20–32, lose a
hydrogen atom readily under these conditions. In ad-
cate e
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some dissociation of the precursor and fragment ions
occurs as a result of the absorption of photons from the
surrounding blackbody field (10%) during the 210 ms
between ion isolation and detection. The average num-
ber of water molecules lost as a result of EC alone is
obtained by correcting for this minor blackbody infra-
red radiative dissociation (BIRD) and these values are
given in Table 1. The average number of water mole-
cules lost from these clusters as a result of EC alone
range from 11.3 (M  Zn) to 16.3 (Cu). Remarkably, the
widths of the product ion distributions are very narrow
compared to the overall number of water molecules that
are lost from the clusters upon EC (Figure 1). For
Figure 1. Electron capture dissociation produc
(c) Co, (d) Ni, (e) Cu, and (f) Zn. Asterisks indiScheme 1example, an average of 16.3 water molecules is lost from
Cu(H2O)32
2 upon EC, but the product ion distribution is
less than three water molecules wide.
By comparison, M(H2O)32
2, M  Mg, Ca, Sr and Ba,
all lose 10.2 water molecules upon EC and a solvent
separated ion-electron pair is formed in these reduced
nanodrops [21, 26]. Both the greater extent of water loss,
and the different number of water molecules that are
lost upon EC of M(H2O)32
2, MMn, Fe, Co, Ni, Cu, and
Zn, indicate that the divalent transition metals are
reduced in these nanodrops. Direct M2 reduction is
more favored for metals with higher second ionization
energies, more stable monovalent ions, and less stable
divalent ions. The second IEs of the transition metals
(15.6–20.3 eV) [33] are higher than those of the alkaline
earth metals (10.0–15.0 eV) [33]. Thus, the difference in
cluster reactivity for the transition metals versus the
alkaline earth metals is likely a result of the higher
ionization energies (IEs) of the former, although ion
mass spectra of M(H2O)32
2, M  (a) Mn, (b) Fe,
lectronic noise.
t ionsolvation effects also play a role.
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The number of water molecules lost from the reduced
nanodrops depends on cluster size. In general, both
smaller and larger clusters lose fewer water molecules
than intermediate size clusters. For example, EC of
Ca(H2O)n
2 results in the loss of 2.8, 10.2, and 9.0 water
molecules for n  4, 32, and 47, respectively [23]. At
smaller cluster sizes, fewer water molecules are lost
despite high RE values because the binding energies of
water molecules closest to the metal ions are higher and
because more energy partitions into translational and
rotational modes of the products due to the high initial
effective temperatures of the reduced clusters. At much
larger sizes, fewer water molecules are lost because the
RE decreases due to improved ion solvation, and effects
of water binding energy and energy partitioning are
smaller and depend less strongly on ion size. The
cluster size at which the number of water molecules
reaches a maximum depends on the identity of the ion
in the cluster.
In addition to the extent of water molecule loss
depending on cluster size, the competition between loss
of exclusively water molecules (Pathway I) and the
loss of a H atom and water molecules (Pathway II) upon
EC by M(H2O)n
z also depends on n. Pathway II is
favored at small cluster sizes, whereas Pathway I is
dominant at larger sizes, with a relatively rapid transi-
tion occurring between both pathways at n  24 and
44, for M Ca2 [23], and M La3, respectively. Mn
is the only divalent metal ion that dissociates by both
pathways with 32 water molecules (Figure 1a), al-
though both pathways are observed for all the transi-
tion-metal ions with 24 water molecules [27].
H atom loss upon EC can potentially occur via
several different mechanisms [26, 27]. Reduction of
hydronium ion, formed transiently or facilitated by the
incoming electron, would result in formation of H3O,
Table 1. Average number of water molecules lost and RE
resulting from EC by M(H2O)32
2, the full-width at half-max
(FWHM) of the distribution obtained by fitting the product ion
abundances with Gaussian functions (Exp.) and the FWHM of
the calculated kinetic energy release distribution, Px(E), for
M(H2O)32
2 (Calc.)
M x RE (eV)
Exp.
FWHM (eV)
Calc.
FWHM (eV)
Mn 12.02 (2)a 5.47 (1)b 0.58 (2)c 0.66
Fe 12.12 (3) 5.52 (1) 0.54 (4) 0.67
Co 12.11 (2) 5.51 (1) 0.53 (3) 0.67
Ni 13.24 (1) 6.11 (1) 0.55 (8) 0.75
Cu 16.35 (2) 7.83 (1) 0.57 (3) 1.01
Zn 11.31 (5) 5.11 (1) 0.55 (6) 0.61
aUncertainties in x values are propagated from the noise in the
respective mass spectra.
bThe numbers in parentheses for the reported RE values correspond to
a precision and not an absolute uncertainty.
cUncertainty in exp. FWHM values are propagated from the uncertainty
in the width of the best fit Gaussian function.which is nominally stable in isolation [34] and shouldreadily dissociate via H atom loss under these condi-
tions. Salt-bridge structures, of the form M2OHH3O
,
have been identified as stable intermediates in charge
separation reactions [35]. Alternatively, a water mole-
cule could be directly reduced to form H2O
, which
should also dissociate via H atom loss. Recent ab initio
methods support this latter mechanism [36]. Also, di-
rect metal ion reduction could result in an intracluster
reaction followed by H atom ejection, similar to the
mechanism proposed for the gentle dissociation of
Mg(H2O)n [37].
Recombination Energies
Conceivably, the recombination energy (RE) of a re-
duced cluster ion could be obtained from the energy
corresponding to the maximum number of water mol-
ecules lost upon EC, if for each water molecule that is
lost from the cluster, only the energy corresponding to
the water molecule binding energy, E0, is removed. The
likelihood that no energy is partitioned into the trans-
lational and rotational modes of the products for every
lost water molecule is exceedingly small when a large
number of water molecules is lost. Instead, more ac-
curate RE values can be obtained from the sum of the
sequential water molecule binding energies (E0) and the
sum of the average energy lost to the translational,
rotational, and vibrational modes of the products for
each sequential water molecule that is lost. Under the
conditions of these experiments (108 Torr), colli-
sional and radiative cooling should be minimal [21–23].
Clusters with fewer than 55 water molecules dissociate
faster than the timescale of the experiment so kinetic
shift effects are negligible [25]. Because experimentally
measured sequential water molecule binding energies
have not been obtained for the clusters formed in these
experiments, E0 values are obtained from a discrete
implementation of the Thomson liquid drop model
(TLDM) [38]. Calculated sequential water molecule
binding enthalpies of M(H2O)n
2 agree with the mea-
sured binding enthalpies to within one kcal/mol for the
largest clusters for which experimental binding enthal-
pies have been measured (n  14) [38]. The values
obtained from the TLDM rapidly approach the bulk
heat of vaporization of water and should become in-
creasingly accurate with increasing cluster size. Effects
of ion identity are not included in the implementation
of the model used here, but the charge state of the ion is
taken into account. Effects of ion identity on the water
molecule binding energies should not be significant for
the larger cluster sizes investigated here.
To obtain the energy that is partitioned into the
translational and rotational modes of the products
(defined in [39] as kinetic energy release, KER), the
internal energy and effective temperature of the cluster
ions formed upon EC and subsequent sequential loss of
water molecules are calculated assuming that the RE is
instantaneously deposited into the precursor and is
randomized before dissociation, which should occur for
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vibrational modes of the lost water molecules should be
negligible under these conditions. Upon EC, the re-
duced cluster average internal energy, UR, is given by
URUPRE (1)
where UP is the average internal energy of the precursor
at the initial ion temperature (133 K). Internal energies
were obtained from harmonic frequencies for a B3LYP/
LACVP energy-minimized structure of Ca(H2O)14
2,
scaled by the vibrational degrees-of-freedom of the
cluster of interest. The RE is given by
REE0 (5 ⁄ 2)kT (2)
where E0 is the sum of the E0 values for each sequen-
tial water molecule that is lost and (5/2)kT is the sum
of the energy partitioned into the products for each
water molecule lost [40–43], where k is the Boltzmann
constant and T is the effective temperature of each
cluster formed as a result of each sequential water
molecule loss. Although there are several models to
obtain the energy partitioned into translational energy
[44–46], the Klots cluster evaporation model [43] is
used because it includes both translations and rotations.
In this model, water molecule loss from a large water
cluster results in the partitioning of kT and (3/2)kT
into translational and rotational modes, respectively,
for a total of (5/2)kT for each water molecule lost. The
effective temperatures of the newly formed cluster (as
opposed to that of the precursor) is used for the energy
partitioning values because this effective temperature
should best match that of the products for dissociation
through a loose transition-state with no reverse activa-
tion barrier [43]. The average internal energy of each
cluster formed upon sequential water molecule evapo-
ration is given by
Ui(Ti
)Ui1(Ti1
 )E0,i1 (5 ⁄ 2)kTi
 (3)
where Ui(Ti
) and Ui1(Ti1
 ) are the internal energies of
the newly formed cluster, i, and parent cluster, i1,
respectively, for each stepwise water molecule loss.
E0,i1 is the binding energy of the i1 cluster, and Ti
 is
the effective temperature of the ith cluster, for each
water molecule lost. Equations 1 and 2 can be combined
to give the total internal energy of the reduced precur-
sor and the internal energy of each cluster formed upon
sequential water molecule loss is given by eq 3. This
results in a system of equations with more equations
than unknowns (T values), which can readily be solved
to obtain a unique set of T values for the reduced
cluster and all clusters formed by water molecule loss.
From these calculated effective temperatures and the
sequential E0 values obtained from a discrete imple-
mentation of the TLDM [38], the RE is obtained using eq
2. Because the RE values and calculated effective tem-
peratures are obtained from modeling, and the accura-cies of these models are not well known, uncertainty in
the RE values is difficult to assess. However, UV and
visible laser photodissociation experiments can be used
to calibrate the RE values with high accuracy by mea-
suring the average number of water molecules lost from
a cluster upon absorption of a photon of known energy.
These experiments are currently underway.
The effective temperatures of select clusters after EC
as a function of the number of water molecules lost,
calculated using the method described above, are given
in Figure 2. For Ru(NH3)6(H2O)37
3, EC increases the
cluster temperature from130 to610 K (open circles),
whereas that for Ru(NH3)6(H2O)55
3 increases to 480 K
(open diamonds). Sequential water molecule loss de-
creases the cluster internal energies and the effective
temperatures close to that of the precursor before EC.
The higher effective temperature for the smaller precur-
sor cluster is due to the higher cluster internal energy
owing to the fewer vibrational degrees-of-freedom and
a higher RE; the RE for Ru(NH3)6(H2O)n
3 is 8.91 and
8.53 eV for n  37 and 55, respectively. The energy
removed by sequential water molecule loss, EW  E0 
(5/2)kTi
, is given on the right vertical axis in Figure 2.
The differences in the EW values in Figure 2 are due
predominantly to the different T values as a result of
differences in the cluster internal energies, although
there are also minor differences in water molecule
binding energies due to the different cluster sizes.
Product Ion Distributions
In addition to obtaining RE values, it is interesting to
investigate the origin of the remarkably narrow product
ion distributions resulting from EC by hydrated ions.
Figure 2. The calculated effective temperatures of the redu-
ced clusters, T, (left vertical axis, open symbols) and the en-
ergy removed upon sequential water molecule loss from the
reduced clusters, EW, (right vertical axis, closed symbols) for
Ru(NH3)6(H2O)37-x
2 , circles, and Ru(NH3)6(H2O)55-x
2 , diamonds.
The horizontal dashed lines indicate the initial ion temperatures
(133 K).
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broadening resulting from dissociation of the precursor
and product ions as a result of the absorption of
photons from the surrounding blackbody field (BIRD),
the width of the energy deposited upon EC, and broad-
ening due to the variable amount of energy removed
into translational and rotational modes of the products
upon each sequential water molecule loss. Because the
timescale of the ion nanocalorimetry experiments for
the medium to smaller sized clusters (n  65) are short
(210 ms), dissociation resulting from BIRD is on
average 0.1 water molecules or less. Thus, broadening
due to BIRD has a very minor effect on the width of the
product ion distributions under these conditions.
To determine the extent of product ion broadening
resulting from KER effects, the distribution of energy
removed by each sequential water molecule loss must
be known. The loss of a water molecule should occur
through a “loose” transition-state and centrifugal ef-
fects on this barrier should be minimal. An exponential
KER distribution [45], P(E)  E1exp(E/E),
whereE is the average KER value, (5/2)kT [40–43],
should be a good approximation for evaporation of a
water molecule from a large ionic water cluster in which
there is essentially no reverse activation barrier (neglect-
ing the centrifugal barrier). The energy broadening due to
the kinetic energy release distribution (KERD) of all the
water molecules lost from the reduced cluster is obtained
by convolving all of these distributions.
The effect of the KER for each water molecule lost on
the product ion abundances is illustrated in Figure 3.
The relative product ion abundances (loss of 17–19
water molecules) for EC by Ru(NH3)6(H2O)55
3 are plot-
ted as a function of the cumulative threshold E0 values
required to form Ru(NH3)6(H2O)55-x
2 (bottom axis). The
corresponding number of water molecules lost is given
on the upper axis. The cumulative threshold energies
required to form the observed product ions are substan-
tially less than the RE (vertical dashed line) because the
KER upon each sequential water molecule loss in-
creases the energy removed by the water molecule
evaporation above the threshold value, i.e., EW  E0 
(5/2)kT. The KERD of the first water molecule lost,
P1(E), is exponential and the most probable KER value
is 0 for reactions with no reverse activation barrier
(neglecting the centrifugal barrier). Note that the
KERDs are plotted as RE  Px(E) to illustrate the KER
effect of reducing the number of water molecules that is
lost from the cluster. The convolution of the KERD for
the first and second water molecule, P2(E), results in a
most probable KER value of 2.3 kcal/mol. The prob-
ability that loss of both the first and second water
molecule occurs with no KER is nearly zero. Increasing
the number of convoluted KER distributions to P3(E)
and larger (select distributions shown in Figure 3)
results in KERDs that are shifted to larger average
values and that broaden with increasing numbers of
water molecules lost. The P18(E) and P19(E) distributions
correspond to the convolution of all KERDs that re-sulted in the formation of these ions and are nearly
identical because they differ by only the loss of the 19th
water molecule, which is only a difference of roughly
1/18th of the total energy deposited. To obtain the
theoretical cumulative KERD, Px(E), the calculated
P18(E) and P19(E) are weighted by the average number
of water molecules lost from the reduced cluster (18.2),
i.e., Px(E)  (19 – 18.2) · P18(E)  (18.2 – 18) · P19(E).
The agreement between the experimentally determined
product ion distribution and that obtained theoretically
is excellent, especially considering the large number of
water molecules that is lost from this cluster.
To determine effects of cluster size and the magni-
tude of the RE value on the product ion distributions,
the product ion distributions and the calculated
Px(E)s for Ru(NH3)6(H2O)37
3 and Ir(NH3)6(H2O)n
3,
n  37 and 55, are compared with that for
Ru(NH3)6(H2O)55
3 (Figure 4). Also included for com-
parison are the distributions obtained by fitting the
experimentally measured product ion abundances with
Gaussian functions. The full-width-at-half-maximum
(FWHM) value for the theoretically calculated Px(E)
and the FWHM value of the Gaussian function fit to the
Figure 3. Experimental product ion abundances (black sticks)
for EC by Ru(NH3)6(H2O)55
3 plotted as a function of the sum
of the threshold E0 values corresponding to the formation of
Ru(NH3)6(H2O)55-x
2 (bottom horizontal axis) where x is the number
of water molecules lost from the reduced cluster (top axis). The
cumulative translational and rotational energy release distribu-
tions, Px(E)s, are a convolution of translational and rotational
energy release distributions for each sequential water molecule
lost up to the xth water molecule. The vertical dashed grey lines
are a guide for the eye between the x values of the upper axis and
the corresponding cumulative threshold energy values on the
bottom axis. The recombination energy, RE, is indicated by the
black vertical dashed line. The smallest black sticks correspond to
the average noise level, and the horizontal black dashed line
corresponds to the average noise level plus three times the
standard deviation in the noise.product ion abundances for these clusters are given in
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experimental distributions is excellent and indicates
that product ion broadening is due almost entirely to
the translational and rotational energy release into the
products upon sequential water molecule evaporation.
This result is consistent with the RE being a singular
value for all of these ions.
The breadth of the product ion distributions are
Figure 4. Experimental product ion abundance
Ru, n  37, (b) M  Ru, n  55, (c) M  Ir, n 
the sum of the threshold E0 values correspondin
horizontal axis), where x is the number of wate
Calculated Px(E) distributions (black lines wi
fitting the product ion abundances with Gauss
dashed grey lines are a guide for the eye between
cumulative threshold energy values on the bott
average noise level and the horizontal black das
three times the standard deviation in the noise.wider for the smaller clusters (n  37) than for thelarger clusters (n  55) that contain the same ion
because the former have both higher RE values and
fewer internal degrees-of-freedom than the larger clus-
ters, resulting in greater cluster internal energies and a
greater KER effect. For clusters of the same size, the Ru
containing clusters have wider distributions than the Ir
containing clusters because the larger RE of the former
clusters results in greater cluster internal energies and
ack sticks) for EC by M(NH3)6(H2O)n
3, (a) M 
and (d) M  Ir, n  55, plotted as a function of
he formation of the given product ions (bottom
lecules lost from the reduced cluster (top axis).
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To investigate the effect of the RE value on the rate of
energy deposition, product ion distributions for EC by
M(H2O)32
2, M  Mn, Ni, Fe, Cu, Co, and Zn, are
compared with the calculated KER distributions assum-
ing that the RE is deposited instantaneously (Figure 5).
The FWHM values for the calculated distributions and
the distributions obtained by fitting the experimental
product ion distributions with Gaussians are given in
Table 1. For ions with the lowest RE values (M  Mn,
Fe, Co, Ni, and Zn), the calculated product ion distri-
butions are slightly wider than, but in relatively good
agreement with the experimental product ion distribu-
tions. This indicates that rate of energy deposition is fast
compared with the rate of water evaporation for these
ions. For M  Cu, which has the highest RE value, the
calculated width is much broader than the observed
product ion width. This indicates that the initial calcu-
lated temperature is too high. This discrepancy between
the calculated and measured product ion distribution
could occur if some water molecule loss occurred on the
timescale in which the recombination energy is con-
verted to internal modes of the precursor ion. Sequen-
tial water molecule loss would occur at lower effective
temperatures and KER effects on the width of the
product ion distribution would be reduced. This may be
a result of a multistep electronic-to-vibrational energy
conversion process or due to the formation of a rela-
tively long-lived ion-electron pair [26] in which the
metal ion is not immediately reduced and the electron is
near the surface of the nanodrop. To estimate the rate of
water molecule evaporation, the Klots cluster evapora-
tion model [47] was used to calculate a lifetime of
roughly 2  1014 s for reduced Cu(H2O)32
2 [22]. This
lifetime is shorter than that calculated for Zn(H2O)32
2
(2  1013 s), and may be sufficiently short that water
molecules could evaporate before the full internaliza-
tion of the recombination energy. These results indicate
that for a fixed number of internal degrees-of-freedom,
Table 2. Average number of water molecules lost and RE
resulting from EC by M(NH3)6(H2O)n
3, the full-width at half-
max (FWHM) of the distribution obtained by fitting the product
ion abundances with Gaussian functions (Exp.) and the FWHM
of the calculated kinetic energy release distribution, Px(E), for
M(NH3)6(H2O)n
3 (Calc.)
M n x RE (eV)
Exp.
FWHM (eV)
Calc.
FWHM (eV)
Ru 37 17.78 (1)a 8.91 (1)b 0.83 (2)c 0.91
Ru 55 18.15 (2) 8.53 (1) 0.78 (4) 0.72
Ir 37 14.82 (2) 7.22 (1) 0.74 (1) 0.71
Ir 55 14.27 (2) 6.55 (1) 0.62 (4) 0.54
aUncertainties in x values are propagated from the noise in the
respective mass spectra.
bThe numbers in parentheses for the reported RE values correspond to
a precision and not an absolute uncertainty.
cUncertainty in exp. FWHM values are propagated from the uncertainty
in the width of the best fit Gaussian function.higher REs result in water evaporation rates that aremore competitive with the energy deposition rates. For
Cu(H2O)n
2, n  24, 32, and 41, the differences in the
calculated and experimental widths are 0.5, 0.4, and 0.2
eV, respectively. These data indicate that the rate of
water molecule evaporation becomes slower than
the rate of energy deposition with increasing cluster
size and decreasing RE values.
Effect of Cluster Reactivity
EC by Ni(H2O)24
2 results in dissociation via Pathways I
and II and the average number of water molecules lost
via each pathway is 13.1 and 10.3, respectively. The
difference in the number of water molecules lost via
each pathway corresponds to the energy removed upon
H atom loss for the Pathway II process. The energy
difference obtained by modeling these two processes is
1.6 eV, which corresponds to the H atom affinity of
NiOH(H2O)23
2 [27]. The width of the experimentally
measured Pathway II product ion distribution is in
excellent agreement with the width of the calculated
KERD (Figure 6a), indicating that the broadening of this
distribution is attributable almost entirely to KER ef-
fects and that internalization of the RE is fast relative to
ion dissociation. In contrast, upon dissociation of this
same ion to form Pathway I products, the experimen-
tally measured product ion distribution is significantly
narrower than the calculated distribution (Figure 6b).
As was the case for Cu(H2O)32
2, the discrepancy be-
tween the calculated and experimental distributions for
Pathway I can be attributed to the rate of initial water
molecule loss being comparable to, or faster than, that
of internal energy conversion. If some water loss occurs
before full internal energy conversion, the calculated
effective temperature of the reduced cluster will be too
high, which accounts for the wider calculated distribu-
tion. The measured product ion distribution for Path-
way II is wider than that for Pathway I. This difference
can be attributed to the loss of a H atom occurring
before significant water loss. Significantly more energy
is removed from the cluster when a H atom is lost (1.6
eV) compared with when a single water molecule is lost
(0.5 eV). Loss of the H atom reduces the calculated
cluster effective temperature by 120 K, whereas the
loss of a single water molecule reduces the cluster by
only 20 K. Thus, H atom loss in Pathway II more
efficiently reduces the effective temperature than water
molecule loss. At this lower temperature, the rate of
water loss should be relatively slow compared with
internal conversion, so that the calculated distribution
fits the experimental distribution for products formed
by this pathway.
Conclusions
Ion nanocalorimetry can be used to precisely character-
ize the internal energy deposited into activated ions,
even for highly exothermic ion-electron recombination
reactions. The product ion distributions resulting from
623J Am Soc Mass Spectrom 2010, 21, 615–625 MEASURING EXTENT AND WIDTH OF ENERGY DEPOSITIONelectron capture by large hydrated ions are very nar-
row, and the width of these distributions can be ac-
counted for by a statistical model to determine energy
Figure 5. Experimentally measured product ion
(a) Mn, (b) Fe, (c) Co, (d) Ni, (e) Cu, and (f) Zn,
values corresponding to the formation of the giv
the number of water molecules lost from th
distributions (black lines with the shorter dashes
abundances with Gaussians (solid black lines)
guide for the eye between the x values of the up
energy values on the bottom axis. The smallest b
the horizontal black dashed line corresponds to
deviation in the noise.partitioning into translational and rotational modes ofthe products. These results indicate that the recombina-
tion energy is a singular value for these ions and that
the vast majority of the recombination energy is ran-
ndances for electron capture by M(H2O)32
2, M 
ted as a function of the sum of the threshold E0
roduct ions (bottom horizontal axis), where x is
duced cluster (top axis). Calculated Px(E)
distributions obtained by fitting the product ion
ompared. The vertical dashed grey lines are a
xis and the corresponding cumulative threshold
ticks correspond to the average noise level, and
verage noise level plus three times the standardabu
plot
en p
e re
) and
are c
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the adomized before fragmentation for the larger clusters.
624 DONALD AND WILLIAMS J Am Soc Mass Spectrom 2010, 21, 615–625For some clusters where the recombination energy is
high and/or the cluster size is small, water loss is
competitive with energy randomization. This could be a
result of a multi-step process, such as ion-electron pair
formation in the droplet before reduction of the ion, or
Figure 6. Experimental product ion abundances for EC by
Ni(H2O)24
2 resulting in (a) loss of a H atom and water molecules
(Pathway II) or (b) loss of exclusively water molecules (Pathway I)
plotted as a function of the sum of the threshold E0 values
corresponding to the formation of the given product ions (bottom
horizontal axis), where x is the number of water molecules lost
from the reduced cluster (top axis). Calculated Px(E) distribu-
tions (black lines with the shorter dashes) and distributions
obtained by fitting the product ion abundances with Gaussians
(solid black lines) are compared. The vertical dashed grey lines are
a guide for the eye between the x values of the upper axis and the
corresponding cumulative threshold energy values on the bottom
axis. The smallest black sticks correspond to the average noise
level, and the horizontal black dashed line corresponds to the
average noise level plus three times the standard deviation in the
noise.inefficient conversion of electronic-to-vibrational energy-transfer. These results provide additional support for
the accuracy with which condensed phase thermo-
chemical values, which are difficult or impossible to
measure directly in solution, can be obtained from
gaseous nanocalorimetry data [22, 25, 27].
This ion nanocalorimetry method should be gener-
ally applicable to measuring the extent of internal
energy deposition in a broad range of activation meth-
ods. The energy deposition could be experimentally
calibrated using laser-generated photons of known en-
ergy. In combination with the energy partitioning
model used here, water binding energies in clusters
could be obtained for much larger clusters than have
been investigated previously. These values could pro-
vide information about the accuracy of the Thomson
liquid drop model in which bulk physical parameters
are used to deduce thermochemical information about
finite size clusters.
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